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PROQF-OF-PRINCIPLE MEASUREMENTS
FOR AN NDA-BASED CORE DISCHARGE MONITOR

1o0*
Los Alamos National Laboratory
Group N-1, MS E540
Los Aiamos, NM 87545 USA

ABSTRACT

The feasibility of using nondestructive assay instruments
as a core discharge monitor for CANDU reactors was invest-
gated at the Ontario Hydro Bruce Nuc!ear Generating Station
A, Unit 2, in Ontario, Canada. The measurements were made
to determine if radiation signatures from discharged irradiated
fuel couid be measured unambiguously and used to count the
number of fuel pushes from a reactor face. Detectors using the
(v.n) reaction thresholds of beryllium and deutenum collected
the data, but data from shielded and unshielded ion chambers
were collected as well. The detectors were placed on a fueling
wolley that carried the fueling machine between the reactors
and the central service area. A microprocessor-based elecoon-
ics system (the GRAND-I, which alsc resided on the volley)
provided detector biases and preamplifier power and acquired
and transferred the data. [t was connected by an RS-232 serial
link to a lap-top computer adjacent to the fueling control con-
sole in the main -reactor control room. The lap-top computer
collected and archived the data on a 3.5-in. floppy disk. The
results clearly showed such an zpproach to be adaptable as a
core discharge monitor.

INTRODUCTION

CANDL/ reaciors are refueled semicontinuously in both di-
rections during operation .o contro! the core reacuvity and to
use the reactor fuel efficiently. The refueling is camed out by
an autornated fuei-handling system that moves fresh fuel from
4 fresh-fuel port at a central storage arca to the reactor face by a
“charge machine.” Fresh fuel is “‘pushed” into one face of the
reactor from the charge machine, and irradiated fuel is simulta-
neously removed from the other face by a discharge machine.
The fuel is then transporned back to the central storage area
where it is discharged into temporary storage through irradi-
ated fuel ports. A conceptual mpresentation of this is shown
in Fig. 1.

At mulu-reactor stations, the chw ge and discharge fueling
machines, which conuwin fresh or 1rradiated fuel, are trans.
ported con rrolleys that move in the tinnels that connect the
reactors axd the cenual fuel sorage area (CSA). A wransverse
cross section of the (unnel and the reactor containment is
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Fig. !. Conceptual diagram of fueling cycle.

shown in Fig. 2(a). A longitudinal cross section is shown in
Fig. 2(b).

A CANDU reactor might discharge between 55 and 65 fuel
bundles per week. At some multi-reactor swtions, this number
is multiplied by the number of reactors. This large number of
irradiated fuel assemblies, coupled with the many possible
paths for diversion presented by the logistics of uansporting
the fuel between the various reactors and storage areas, defines
the requirements of a safeguards approach. The classical
method for safeguarding ‘vould require seals and cameras at
strategic locations. These efforts could be supplementad by
short-notice random inspections (SNRI). Reviewing camera
images, verifying seals, and staging SNRI is very human re-
source intensive. Hence an altenative method of safeguarding
the fuel was sought.

An altemnative described in this paper uses radiation detec-
1rs to monitor the movement of uradiated fuel between the re-
actor core and a central storage area.  The thoughts on thiy
method were prompted by a feasibility study for a reactor
power monitor that was done by Bot Engineering Lid. 1n
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Campbellville, Ontario, Canada. This study reported the de-
tection of high-energy (>7 MeV) gamma rays in the vicinity of
the external piping of the reactor heat exchange system. The
proof-of-principle (POP) measurements were made to deter-
mine if radiaton signatures from discharged irradiated fuel
could be measured unambiguously and used 1o count the nun-
ber of fuel pushes from a reactor face. Detectors using the
(y.n) reaction threshold of beryllium and deuterium collected
the primary data, but data from shicided and unshicided ion
chambers were collected as well. This work was done during
the summer of 1987 at Bruce Nuclear Generating Station
(BNGS) A, Unit 3, in Onwano. Canada.

MEASUREMENTS
Physical Layout of Reactor and Trolleys

The layout of the reactor and detectors is shown in Figs.
2(a) and 2(b,. The fueling machines are transported by trol-
leys that travel in the tunnel under the reactors and fuel storage
area. During a fueling cycle, the trolleys travel under the recc-
tor and position the fueling machine under the fueling-machine
carriage for the fuel-handling machine on the x-y stage. The
trolley elevator, on which the fueling machine sits, moves the
fueling machine up to the fueling mackine carriage. The x-y
stage and carriage positions the fucling machine on the ends of
the fuel channels,

It should be noted that these activities occur on both ends
of the reactor; one for the change fueling machine, the other
for the discharge fueling muchine.

The fuet channels are horizontal. A map of the channels is
shown in Fig. 3. The columns are labeled trom 1 10 24, the
rows from A to Y with the label | not being used. For our
measurements, the detectors were Jocated under column S.
The outer rows and columns are slightly less than 3.4 m from
the center line of the reactor. The bed of the trolley Is about
9.1 m below the center line of the reactor, and the center line
of the top magazine position in the fueling machine is about
2 m above the bed when the fueling machine is traveling on
the troiley.

Detectors

The primary dctector type chosen for the POP measure-
men«s was a (y,n) threshold aetector. One was a Be(y,n) de-
tector, the other was a D(y.n) dettctor. The first was readily
davailable to the Intemational Atomic Energy Agency (IAEA)
and had been used both by the IAEA for gathenng safeguards
data and by Los Alamos Naticnal Laboratory during the
cleanup at the Three Mile Island Reactor.!2 Hence its use was
undersiood. In addition, a D(y,.1) detector was used because
of the avcilat.iity of D20 at CANDU-type reactors. Both of
these detectors produce phntoneutrons when gamma rays
above 1.6 MeV (2.2 MeV for the latter) interact with the
berylliwn (deuterium; of the detector. Fission chunbers inside
the beryllium (deuterium) then detect the created and moder-
ated neutrons. Detectors that use fission chambers are virtu-
ally immune to high gamma dose rates and can be used in the
presence of a large gamma-ray background. In addition, neu-
trons ar¢ generated only by gamma rays that exceed the reac-
tion threshold; other tvpes of detectors must rely on electronics
or very heavy shielding to discriminate against the very large
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Fig. 3. A core face map of the fueling channels.

amounts of lower energy gamuna-ray interference. Both of
these methods significantly impact the hardware and the r2sult-
ing spectra seen by the detectors.

The secondary type of detector was an ionization chamber.
There were several reasons for including this type of detector
in the POP measurements. First, the electronics used with the
fission chambers also supports simultanecous use of the ioniza-
tion chambers (as in the GRAND-Fork spent-fue! measure-
ment systems). Shielded and unshielded ionization chambers
provide additionai data that make a monitoring system much
harder to fool. Second, tne intensity of the high-energy
gamma rays that exceed the thresholds of the primary detectors
decays rather rapidly. These secondiry detectors are sensitive
to the gross radiation inside the reactor vault long after shut-
down of the reactor.

An attractive feature of both the fission and ionization
chambers is that they are very dependable and require a mini-
mum anwunt of auxiliary equipment. They should require
very little maintenance and no adjustment during 20 years of
operation.

Electronics

The electronics package used for the POP measurements
was the commercial version of 10n and neutron detector elec.
tronics (ION-1)3 developed at the Los Alamos National Labo-
ratory for use with a spent-tuel measurement fork detector,
The commercial electronics package.* which 1s called the

*Commercially available from DS Davidson Co., 19 Barnhard
Rd., North Haven, Connecticut, USA.

GRAND (Gamma Ray And Neutron Detector electronics
package), is a microprocessor-based electronics system. It
provided biases for the fission chamber and ionization cham-
bers, preamplifisr power for the fission chamber, and data
acquisition and transfer. A GRAND has internal battenies that
allow it (0 operate for more than 24 h if ac power is lost.

The Measurement System

The measurement systemn continuously made 10-s data ac-
quisitions duriag its operation. The data from cne threshold
detector and one ionization detector, and information on the
setup and perfcrmance of the GRAND, were transterred by
the GRAND's se1al port to a computer after each acquisition,
and then a new acquisition was started. All of this was accom-
plished by the GRAND's resident tirmware.

To assure the necessary performance, the detectors could
not be separated by more than 10 m from the GRAND elec-
tronics. Hence a 3000-1b (1365-kg) lead shield was built tor
the GRAND so that it could be placed on the fueling trolley
next to the detectors. [The placement of the detectors is shown
in Figs. 2(a) and 2(b)]. The GRAND and detectors ran unat-
tended for S weeks.

The computer was set up adjacent to the refueling console
in the main reactor control room. The battery-backed vom-
puter, a Toshiba 1100, received this data, stored ii on a
3.5-in,, 0.7-Mbyte floppy dis', and displayed the last 24
records received. The data were transmitted over lines sup-
plied by the facility using industial modems.

Data were collected at a rate of approximately 750G kbytes/
day. These data were retrieved and taken 1o an off-line
Toshiba 2100 computer for treatment and review using the
Symphony spreadsheet program. The detector information
was extracted and put into a laige spreadsheet that was only
limited by the memory of the Toshiba. The ume periids of
interest were plotted for review. Analysis with a turnaround
time of only 2-4 h after obtaining the disks allowed qucsaons
to be asked of the fueling operator and plans 1o be made for the
next fueling cycle. Hence, unresolved questions could be an-
swered during the next fueling cycle with the ciose cooperation
of the fueling operators.

RESULTS

Going into the measurements, we had not received firm
estimates of the radiation levels we would see. We were lucky
that the detector sensitivities matched the radiation levels very
well. (See Fig. 4.)

Figure 4 shows the activities observed by the Be(y,n) de-
tector as it entered the reacior vault just after ume ) on the plot.
The background signal is approximately 1300 counts/s. ‘The
fueling machines removed the end and shield plugs from the
channel to be refueled. This activity is not seen by the detec
tor. Just before #XX) s, the first push (push equals twvo bun
dles discharged trom the core) tovk place. One ubserves a
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Fig. 4. A complete fuel campaign as detected by the Be(y.n).

continuum. Ninre minutes after the first push a second one oc-
curs with a peak of approximately 6800 counts/s, These two
pushes were from channei C-09, which was approximately 15
m from the detectors. At this reactor, the bundles are pushed
in pairs. The second peak is larger because those bundles
were closer to the center of the reactor and hence they were
exposed to a higher neutron flux.

The structure of the data after the second push and up to
8000 s is indicative of the motions of the discharge machine
as it rotates to put the shield and end plugs back into the fuel
channel. The x-y stage then transports the fueling machine
magazine to the next channel to be fueled. The decay of the
radiation from the stationary discharge machine can be ob-
served during the time it is stationary. The high and low ex-
cursions before the third push are due to the rowtions of the
fueling machine magazine to remove end and shield plugs and
position an empty chamber to receive the fuel from the next
push. The ncxt twe pushes occurred just after 8000 s. These
pushes were frem cuannel V-11, which is significantly closer
to the detectors: approximately |1 m from the detectors. The
rottions of the magazine and translations of the discharge
machine and the decay of the radiations from the fuel inside the
machine are again clearly visible on the response curve as the
discharge machine is moved to position X-19 for four pushes.
On these pushes, little bumps we visible on the leading edges
of the response peaks (Fig 5). These bumps are indicative of
the fueling procedure by which the assemblies are pulled
slightly and then pushed back to assure that they have been
secured. Here the unequal core fNlux effect on the activities of
the bundlex is clearly visible in the relative heights of the
peaks. When the fueling machine is full, the continuum 15
significandy higher. The fueling acuvities :n the vault lasted
about 4 h,

At about 19 000 s, a large signal excursion was noted.
With the help of the fuel-handling personnel, the mystery of
this monolith was explained as follows. The first large excur-
sion is due to the x-y stage bnnging the discharge nwchine
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Fig. 5. Leading-edge bumps on response pedk.

down to the elevator on the fueling trolley. The delay at about
the mid-height point results from the discharge machine being
wansterred from the x-y stage 1o the elevator. The elevator
then brought the discharge machine down to the wolley bed
where the machine was repositioned. Once the machine was
in position on the tolley, the trolley tmaveled (carrying both the
discharge machine and the detectors) to the CSA. The decay
of the radiation during the rravel is clearly visible. The fueling
machine 'vas between | and 3 m from the detectors during the
tip. The process of moving the fueling machine from the
golley to the x-y stage at the CSA and then to the spent-fuel
port is reversed from the process in the vault. Note that the
x-y stage sat for a while before carrying the discharge machine
to the port. This produces the decay visible on the falling cdy.c
of the monolith. A further decay can be seen betore the fuel
was pushed into the spent-fuel port. The signature of the
wansfer of the irradiated fuel into the storage areas is shown
better in Fig. 6.
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Fig. 6. Signature of irradiated fuet transfer to the centrad stor
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This figure was also interpreted with the help of the fuel-
handling operators. The first push into temporary sterage is
the small dome on top of the first monolith. The second push
is the slightly bigger bump in the middle of the second mono-
lith. This fuel had been in the fueling machine about 5h. The
monoliths are due to the rotation of the magazine. The rest of
the pushes are identified as the bumps between the monoliths.
After the last push the continuum falls to 0 counts/s.

Figure 7 shows a shielded ion chamber's view of a fueling
campaign. Here one can see structure similar to that of the
data from the Be(y.n) detector except for the actual fuel-push
peaks. Similar plots for the unskielded ion chamber show
both the structure and the peaks. Each detector produces dif-
ferent fueling-machine-on-trolley radiation levels to back-
ground-in-the-vault levels, as well as different peak-to-contin-
uum ratios, which indicates that the detectors are sensitive to
different types of radiations and to different regions of spectra
of the gamma radiations.

Data also were acquired to check on the half-lives of the
radiations being measured. Three distinct groups of radiations
with haif-lives of 74.8 min, 15.9 min, and 51.8 s were identi-
fied. Whereas there are certainly shonter half-life radiations,
we were not able to resolve them because of our 10- to 11-s
counting cycle period. The fit to the 51.8-s data after the
15.9-min data had been stripped i< shown in Fig. 8.

Data similar to that obtained with the Be(y,n) detector were
collected with the D(y,n) detector. The peak-to-continuum
ratios are similar. It also was of interest that many, but not all,
of the fuel pushes on the opposite face of the reactor could be
seen by the: detectors. However, the signals were only slightly
above bac.cground.

ION CHAMBER DETECTOR RESPONSE
UL e A Sl it I R SO BN SR B SR H SO BN N

18 \

Ll [ e, ~ SUNRREA._. S T L SN W
2 4 6 06 10 12 14 16 18 20 20 24 26 28 30 32 M

ELAPSED TIME (thousand seconds)

<o
-

Fig. 7. A complete fuel campaign as detected by a shielded
ion chamber.
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Fig. 8. Half-life daa fit.
CONCLUSIONS

From these data, we concluded that the Be(y,n), D(y.n),
and bare ion chamber detectors were clearly able to detect not
only fuel pushes, but also activities unique to the fueling w.c-
tivities in the vault. They also could monitor the transport of
the fuel up to its discharge into the temporary storage area for
at least 5 to 7 h after the firsi fuel was pushed into the fueling
machine. The shielded ion-charnber data did not show the
fuel-push peaks, but did show the rest of the fueiing activity
signatures. The peak-to-continuum ratios for all cases ranged
betweer. 3and 9.

The half-life measurements showed the detectors to be
measuring fuel-specific radiations and not modulations in
cesium or cobalt radiations from some unknown physical
activity.

One could not conclude from the data that the signal from
the threshold detectors comes uniquely from (¥,n) interactions
in the detector because these detectors are also sensitive to
other neutron activities within the reactor vault. From prelimi-
nary conversations with IAEA people knowledgeable about
CANDU reactors, it was assumed that the neutron flux in the
vault as a result of fuel being pushed wus very low. As dis-
cussed elsewhere, this may not be the case.

Independent of the actual source of the detected neutrons,
the signals definitely originaie from the discharge of fuel from
the reactor. The (y.n) signals in conjunction with the gross
gamma signals when reviewed for peaks and charactenstic
fueling activity structure are c!-..1v usable to monitor fuel dis-
charged from the core. Hence the detoctors and electronics can
be effectively used as a core discharge monitor.
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